INTRODUCTION
Over cosmic time, galaxy evolution is punctuated by mergers, especially at high redshift when galaxies assembles (Duncan et al. 2019) . Each merging galaxy injects its supermassive black hole (SMBH) into the remnant, and if the mass of each progenitor galaxy is comparable, the SMBHs will rapidly form a binary at the remnant core (q ≡ M secondary /M primary ≥ 0.01) (Callegari et al. 2011; Dosopoulou & Antonini 2017; Tremmel et al. 2018) . Once in the galaxy core, the subsequent evolution of a SMBH pair is governed by three distinct physical phases: dynamical friction, 3−body stellar encounters and finally gravitational wave emission (Begelman et al. 1980 ). The stellar environment, morphology and kinematics can profoundly affect the efficiency, onset, and detailed behavior of the SMBHs in each phase, making it non-trivial to map out SMBH merger timescales over the wide variety of galaxy hosts (see e.g. Khan et al. 2013; Vasiliev et al. 2015) .
Let us take a moment to review the physics governing the journey of two separate SMBHs as they merge into one. The first phase of SMBH binary evolution, dynamical friction, is outlined in Chandrasekhar (1943) , which describes the trajectory of a heavy point mass moving through a sea of lighter stars. If an infalling SMBH were stripped of its stellar shroud, this description would be appropriate, though in the Chandrasekhar formalism, this stellar sea is infinite, homogeneous, isotropic, and non-rotating. Several recent studies have quantified dynamical friction timescales for SMBHs in the context of a non-rotating galactic potential (Just & Peñarrubia 2005; Just et al. 2011; Antonini & Merritt 2012; Dosopoulou & Antonini 2017; Rasskazov & Merritt 2016) , finding timescales of the order of 100 Myr for million solar mass black holes to traverse the final ∼ 100 parsecs to binary formation.
Once the binary forms and hardens, further shrinking the SMBH binary's orbit requires few body interactions that transfer energy and angular momentum to the scattered stars. This few-body scattering phase has been rigorously modeled using a broad range of techniques and underlying assumptions; regardless of the technique, the SMBH binary is either invoked in equilibrium galaxy models (Makino & Funato 2004; Berczik et al. 2005 Berczik et al. , 2006 Merritt 2006; Khan et al. 2013; Vasiliev et al. 2015; Bortolas et al. 2016; Gualandris et al. 2017; Lezhnin & Vasiliev 2019) or allowed to form self-consistently through galaxy merger simulations (Milosavljević & Merritt 2001; Khan et al. 2011; Preto et al. 2011; Gualandris & Merritt 2012; Khan et al. 2012a Khan et al. ,b, 2016 Rantala et al. 2017; Khan et al. 2018a,b) . After two decades of work, a converging scenario has emerged: SMBH binaries in the few-body scattering phase continue to shrink at an almost constant rate to a separation where coalescence via gravitational wave emission is inevitable. SMBH binaries avoid the famous "final parsec problem" by interacting with a large pool of stars on centrophilic orbits in merger remnants having non-spherical geometries. To first order, the semi-major axis evolution in this phase can be approximated by a simple recipe presented in Sesana & Khan (2015) based on scattering experiments (Quinlan 1996) and verified by a small set of numerical simulations.
In the few-body phase, these binaries scour out the centers of their hosts by ejecting a stellar mass that is roughly a few times that of binary (Merritt 2006; Khan et al. 2012a; Rantala et al. 2018 Rantala et al. , 2019 , hence giving a plausible explanation to the observed flatness of light profiles at centers of giant elliptical galaxies (Graham 2004; Ferrarese et al. 2006; Kormendy & Bender 2009; Dullo & Graham 2014) .
Despite the relatively straightforward behavior of the SMBH binary orbital separation, the eccentricity evolution is much more complex. While eccentricity growth of a hard binary in a non-rotating stellar environment can be estimated based on scattering experiments (Quinlan 1996; Sesana et al. 2006) , the eccentricity behavior before the hard binary phase is less well-understood. Indeed, numerical simulations suggest that the eccentricity at binary formation is difficult to predict and the further eccentricity evolution as the binary hardens is even more complex. The apparent stochasticity of eccentricity at binary formation has been reported in several studies (Wang et al. 2014; Khan et al. 2018b ). However, recent galaxy merger simulations seem to identify one trend: SMBH binaries formed by galaxy mergers with shallow central mass profiles (with a logarithmic slope, γ ≤ 1) have a high initial eccentricity (e ∼ 0.6 − 0.9) that grows more eccentric in the hardening phase, while mergers between galaxies with steep cusps (γ ≥ 1.5) produce low eccentricity binaries (e ∼ 0.1 − 0.3) which exhibit little subsequent eccentricity evolution (Rantala et al. 2017; Khan et al. 2018a) .
So far, the picture we outlined focused on non-rotating galaxies, but it is clear that rotation affects every stage of SMBH binary evolution. Galaxy rotation is practically ubiquitous; even a classical giant elliptical such as M87, once thought to be a non-rotator, has been shown through exquisite integral field spectroscopic surveys such as ATLAS-3D to rotate to some degree (Cappellari et al. 2007) . Galaxies commonly host rotation-dominated components, such as disks, pseudobulges, and bars, with an appreciable fraction hosting counterrotation(e.g. Rubin & Ford 1970; Sofue & Rubin 2001; Cappellari 2016) . Rotation is especially strong for galaxies with stellar masses roughly of order 10 9 − 10 11 M ⊙ , and these galaxies tend to host SMBHs in the mass range 10 5 M ⊙ − 10 7 M ⊙ . Because the galaxy mass function rises at lower masses, relatively low mass SMBHs ought to be the most common in the Universe. Mergers between low-mass SMBHs emit gravitational waves that will be detectable with signal-to-noise ratios in the 1000s -even well into the epoch of reionization -by the gravitational wave observatory LISA, a joint ESA/NASA mission set to launch in 2034 (Amaro-Seoane et al. 2017) . Understanding the evolution of SMBH binaries in galaxy hosts with the appropriate kinematics is therefore an important step to predict LISA observations and to constrain the physics of SMBH evolution from LISA data.
In principle, SMBH binary evolution must be affected by the angular momentum of the stellar background. Studies of mostly equal-mass SMBH pairs in rotating galaxy models bear this out (Sesana et al. 2011a; Mirza et al. 2017) , showing a few salient differences in evolution compared to their non-rotating counterparts. First, SMBH hardening timescales are approximately 30 percent faster than those in non-rotating systems . In addition, SMBH binaries co-rotating with their stellar host tend to circularise, whereas those that are counterrotating become highly eccentric (Sesana et al. 2011a; . Unlike the stable behaviour of the orbital plane in non-rotating models, the binary orbital plane in a rotating galaxy model may flip to become more prograde with respect to the surrounding stellar distribution Mirza et al. 2017) . Surprisingly, the center of mass of the SMBH binary does not settle at the center of a rotating galaxy model, but instead orbits the galaxy center at about the binary influence radius (less than a parsec for a system scaled to the Milky Way, if it were to host a binary (Mirza et al. 2017) ).
In this study, we extend our earlier work on the evolution of equal mass SMBH pairs in rotating galaxy models to understand how rotation affects SMBH pairs of different mass ratios. We focus not only the hotly-debated few body scattering phase, but on the dynamical friction phase as well. Our manuscript is organized as follows. Section 2 describes our models and initial parameters of our simulations, together with a description of the numerical code and hardware used. In section 3, we show and discuss the results of our simulations. Finally, in section 4, we summarize and conclude our study.
INITIAL CONDITIONS AND METHODOLOGY
We performed a large set (20) of direct N−body simulations, each with one million particles. Our initial galaxy model has an inner logarithmic density profile slope of γ = 1 (Dehnen 1993) , and is flattened, with a minor to major axis ratio of 0.8 at the half mass radius. In our model units (MU), the mass of host galaxy is 1 and the central SMBH is 0.005 (Häring & Rix 2004; Kormendy & Ho 2013; Graham 2016) . With this mass, the SMBH influence radius (where the enclosed stellar mass is twice that of the SMBH) is 0.05 MU. We used this model in our earlier studies and have shown that equal mass SMBHs merge very efficiently (Khan et al. 2013; Mirza et al. 2017) . Rotation was introduced in our galaxy model by flipping the angular momentum of all particles that have an initially negative z-component of angular momentum (L z ). This was achieved by swapping the signs of all velocity components (Sesana et al. 2011b ). Our runs can broadly be divided into four classes:
• Non-rotating runs (N-runs) do not have a particular sense of rotation in the host galaxy model.
• Prograde runs (P-runs), in which the secondary SMBH's initial angular momentum and the galaxy's angular momentum are perfectly aligned in +z direction.
• Retrograde runs RT-runs feature a secondary SMBH in a retrograde orbit with an initial inclination tilted 150 • with respect to the host galaxy's L z .
• In our last set of runs (RP-runs), we set the secondary SMBH on a perfect retrograde orbit *θ = 180 • ).
The primary SMBH is initially at rest at the origin, acting as a center for the surrounding stellar cusp . We introduce the secondary SMBHs with a range of masses and velocity orientations to study the effect of mass ratios (q) and orbital inclinations on SMBH binary evolution. The secondary SMBH is placed at a separation of 0.5 MU, the scale radius of our model, with 50% of the circular velocity, resulting in an initial instantaneous eccentricity of approximately 0.6 in each run. We probed five mass ratios (q = 1, 0.5, 0.25, 0.1, 0.05) for all four sets of galaxy models described above. SMBHs with mass ratios q = 1, 0.5 and 0.25 are expected to form in major galaxy mergers, whereas those with q ≤ 0.1 are thought to be formed in minor galaxy mergers. Table 1 describes all our runs and their key parameters.
We use a direct summation code, φ − GPU, ) with a 4th order Hermite integrator, to perform our runs on the GPU supported cluster ACCRE 1 at Vanderbilt University. Our softening parameter is set to be 10 −4 for star-star interactions and 0 for SMBH-SMBH interactions. For star-SMBH interactions, its value is 7 × 10 −5 . We stop our runs long after a hard binary (equation 4) is formed and the SMBH binary's semi-major axis and eccentricity have reached a steady phase of evolution. Retrograde
Retrograde
Column 1: Run configuration. N refers to no-rotation models; P is for prograde SMBHs orbits; RT for SMBHs in retrograde orbits at an inclination of 150 • with respect to the galaxy and RP for retrograde SMBH orbits at 180 • . The subscript denotes the black hole mass ratio. Column 2: Rotational sense of the binary with respect to the surrounding galaxy. Column 3: Angle between the SMBH and galaxy angular momenta. Column 4: Duration of the run in model units.
RESULTS
In the following, we concentrate on the behavior of the SMBH binary in separate physical phases.
SMBHs pairing -dynamical friction
Figure 1 shows how the separation shrinks for SMBHs in all runs. Each panel represents a fixed mass ratio for each class of run. The pairing phase is governed by dynamical friction (Chandrasekhar 1943 ) and ends at the binary formation time (t b f ), which is hard to define in a very exact way. We adopt the convention that a binary is formed once the semi-major axis, as defined by a Keplerian binary (see equation 1) becomes positive. Here, we neglect the contribution from a bound stellar cusp around the central SMBH, which simplifies the semi-major axis and energy definitions as follows:
is the specific orbital energy, M • is the SMBH binary mass, r is relative separation and v is the relative velocity of SMBHs. Binary formation time is shown by the short dashed lines that originate from the top. For the equal mass SMBH pair (q = 1), the binary formation time t b f is practically unaffected by the kinematics. But as the secondary mass decreases, we witness some clear trends with rotation. Prograde secondaries (P-runs) pair the fastest, while retrograde encounters (RT-runs and RP-runs) take longer. This trend is entirely expected for dynamical friction: in prograde motion, the SMBH and background stars interact longer, resulting in an efficient braking mechanism. This effect is more dramatic for low mass SMBHs where we see a 30% faster decay time for q = 0.05. This sensitivity to rotation on orbit decay has broad implications, especially for low mass SMBHs which have been thought to stall with a standard Chandrasekhar treatment (Callegari et al. 2011; Dosopoulou & Antonini 2017; Tremmel et al. 2018 ), but may pair efficiently in prograde encounters -or not at all if the SMBH orbit is retrograde. We found some fascinating eccentricity evolution The dotted vertical lines (drawn from the top) mark the binary formation time. On the other hand, the dashed vertical lines from the bottom indicate the hard binary formation time, i.e., when a = a h which is obtained using eq. 4. Before binary formation, the eccentricity was calculated using e = ra −rp ra +rp , and afterward we employed equation 3 to obtain smooth realistic plots. The color sequence maps to mass ratio from indigo (I) for equal mass ratio binaries to red (R) for the lowest mass ratio binaries (0.05).
throughout our suite, which we shall discuss in detail. Figure 2 shows the complete evolution of eccentricity. First, let us focus only on eccentricity evolution in the pairing phase ( until t b f ), when the eccentricity evolution is governed by dynamical friction. We define eccentricity in this phase by peri and apocenter distances (equation 2) as the SMBHs are not bound to each other, making the standard definition for a Keplerian binary inapplicable.
where r a and r p are apo and pericenter distances of a relative SMBH orbit. For N and P runs, we notice that eccentricity decreases gradually in the pairing phase, whereas for the RT and RP runs, e remains constant initially and then rises as we approach binary formation phase.
Loose Binary -dynamical friction / 3−body scattering
Once the SMBH sinks to a separation comparable to the influence radius of the two black holes, a loose SMBH binary forms. In addition to dynamical friction, few-body scattering of stellar particles begins to play a role in exchanging energy and angular momentum with the binary's orbit. The combined effect shrinks the separation, r, by almost an order of magnitude in a few time units. As the SMBHs become more tightly bound, the dynamical friction contribution weakens and scattering dominates. For equal mass SMBHs, this phase happens very fast, as both the dynamical friction and fewbody scattering scales with SMBH mass. By the same token, SMBH binaries with smaller q's linger in this intermediate phase, which ends at hard binary formation (discussed in detail in the subsequent section and shown by bottom vertical lines in these figures). In the loose binary phase, we see a steep rise in the binary's inverse semi-major axis (Fig.  3 ) which then settles into more linear growth as this phase ends. Eccentricity behaviour in this intermediate phase is quite diverse and merits a thorough discussion. Once the SMBHs form a binary, we define eccentricity by a Keplerian orbit,
(where h is the specific relative angular momentum and µ = G(m 1 + m 2 )).
In the N models, eccentricity remains almost constant and nearly circular, except for q = 0.05. For N 0.05 , eccentricity begins to rise soon after binary formation and continues growing through hard binary formation and into the hard binary phase. The mechanism of pumping up eccentricity for small q's is consistent with Iwasawa et al. (2011) and is caused by the preferred ejection of stars on co-rotating orbits by an SMBH binary. This preferred ejection process happens for all secondary masses, but low mass secondaries are particularly vulnerable to the resulting perturbation by the dominating counter-rotating stellar stream. The secondary's perturbation causes counter-rotating stars to flip angular momentum to co-rotating before being ejected by binary; this requires an angular momentum loss from binary's orbit and hence an increase in eccentricity. Our results show that this mechanism of eccentricity growth is effective only for binaries in non-rotating models with q ≤ 0.02 and not for SMBH binaries with q ≥ 0.1. The initial angular momentum of the secondary's orbit is in L z for N runs, and it stays that way during the full duration of our simulations (Fig. 4) . Notice that the orbit has a very stable orientation, staying within 5 • for all runs. We see low eccentricity in all P models. Here again, the SMBHs orbital plane (Fig. 5) is very stable, strongly aligned with galaxy's rotation plane.
For our models hosting SMBHs on retrograde orbits (RT and RP), eccentricities are generally high (e ≃ 0.5 − 0.99). Almost all binaries form with high eccentricity (e ∼ 0.8) and then some reach even higher values, while others begin to circularise. Here the trend is that for more unequal mass SMBHs, the eccentricity drops immediately after it reaches a peak value, but for more equal masses, eccentricity continues to grow (e ∼ 0.9 − 0.99). This is consis- , where we find high eccentricities (e ∼ 0.9−1.0) for counter-rotating equal mass binaries. Here, we extended these findings to smaller mass ratios. To look more into the eccentricity behaviour in different runs of these model classes, we analyse the angular momentum evolution (Figs. 6, 7) of SMBHs for each run in this phase. In analyzing the angular momentum (Figs. 4 -8) , we demonstrate that the leap of eccentricity we witness near binary formation is due to the orbital plane abruptly reorienting itself from retrograde to prograde (see Figs 6 and 7 in particular).
This typical reorientation of counter-rotating binaries to co-rotating states is thought to be because of the strong torques from ejecting stars in the neighborhood (Sesana et al. 2011a) . After the ascent, the eccentricity plummets for lower mass-ratio SMBHs during the loose binary hardening phase, returning to moderate eccentricity values. We find that it is the secondary SMBH that flips its angular momentum at apo-center (which is ∼ of influence radius at binary flip time t f lip , see Tab. 2). Soon after flipping the orbital plane, the binary tends to circularise, as is the case for prograde orbits. Runs with q = 1, 0.5 are an exception to this; perhaps its difficult for stellar interactions to circularise a more massive binary, as the stellar reservoir is constantly diminishing due to core scouring by the binary. This circularization phase ends at around the hard binary formation time.
To see how the behaviour of eccentricity would be if the orbit remained retrograde, we artificially reverse the SMBH binary angular momentum (returning it to retrograde) for one of these runs -RT 0.1 at time t f lip (Fig. 8) . The eccentricity remains higher for some time, but again falls as the binary plane flips to co-rotation again. We flip the orbital plane once more, and it remains counter-rotating with a subsequent rise in eccentricity through the end of the run. We conclude that binary's orbital plane flips at about binary formation time, but if the SMBH binary can remain counter-rotating, it will reach an extremely high eccentricity for all mass ratios. This effect needs further investigation to verify the effect and to understand how it depends on the degree of rotation of surrounding stellar distribution.
Hard binary -few-body scattering
Once the binary semi-major axis shrinks to a h , 3−body scattering preferentially extracts energy, shrinking the orbit further -at this separation, a hard binary has formed.
Where r h is the influence radius and q is the black hole mass-ratio. The eccentricity in the hard binary phase grows gradually, as expected (Sesana 2010; Khan et al. 2012b ). The SMBH binary separation (Fig. 1) and semi-major axis (Fig.  3) shrink at an almost constant rate. We fit a straight line to the inverse semi-major axis to determine the slope, which is the hardening rate s (Table 2) . Hardening rates are systematically higher for binaries with smaller q. Furthermore, rotating (P, RT and RP) models are more effective in ex- tracting energy from the binary orbit than non-rotating ones at a given q. As a reminder, despite the secondary starting on a counter-rotating orbit in models RT and RP, they end up in co-rotation before the binary reaches the hard-binary phase where we calculate s. So essentially, all three cases of rotation end up with hosting co-rotating binaries, hence Figure 5 . Evolution of the angular momentum components (Lx, Ly, Lz) and the angle between the binary and galaxy angular momenta (θ) for P runs. Top to bottom: P 1.00 , P 0.50 , P 0.25 , P 0.01 and P 0.05 . The vertical lines and inset have been explained in the caption of Fig. 4 .
we do not see difference in hardening rates. This has broad implications for strongly rotating bulges and nuclear star clusters: we expect prograde binaries with boosted hardening rates. Because the earlier loose binary phase boosted the eccentricity in counter-rotating models, especially for equal masses, the increase in hardening rate found in this stage compounds, resulting in a much more rapid transition into the gravitational wave regime. Its worth remembering, however, that the dynamical friction significantly delay for a retrograde SMBH if its mass ratio is too small q < 0.1. Note that these conclusions are true only for fully rotating models. For partial rotation, the scenarios can change and need further investigation. 
Binary Center of Mass Trajectory
Our next consideration is to investigate the SMBH binary orbit inside its host nuclei ( see Fig. 9 (N models), Fig. 10 (P models), Fig. 11 (RT models) and Fig. 12 (RP models)) . For P models, the width of the COM orbit progressively diminishes moving from equal to small mass-ratio SMBHs.
The same trend has been observed for the RT and RP suites. However, the span of the orbit for these retrograde Characteristic Strain 2.5 × 10 6 M⊙ + 1.25 × 10 5 M⊙ @ z = 3 2.5 × 10 6 M⊙ + 1.25 × 10 6 M⊙ @ z = 3 Figure 13 . Gravitational wave signal from SMBH binary coalescence, as seen by LISA. Here we plot the q = 0.5 and q = 0.05 models within an M32 analog at redshift 3. Even with a very unequal mass ratio at high redshift, the merger is incredibly loud, with signal-to-noise ratios of 850 and 300, respectively, for a 4-year LISA mission.
cases is smaller than in the prograde runs. Lacking galactic rotation, N binaries are seen to maintain their central position modulo Brownian motion.
Gravitational Wave Emission
Supermassive black hole binary coalescence produces the loudest gravitational wave signal in the known universe, making these systems a prime target for gravitational wave observatories. We calculated the expected gravitational wave signal from our models, assuming they were scaled to the galaxy M32 in mass and physical size. Taking this scaling yields the following unit conversions: 1 time unit = 0.11 Myr, 1 length unit = 0.03 kpc, and 1 mass unit = 5 ×10 8 M ⊙ . As a case study, we placed the SMBH merger itself at redshift 3, and determined both the strain and signal-to-noise ratio (Robson et al. 2019) for the Laser Interferometer Space Antenna (LISA), a planned ESA/NASA gravitational wave observatory set to launch in 2034 (see Fig. 13 ). It's useful to emphasize, though, that an SMBH merger at redshift 3 implies black hole pairing and galaxy merger times at, in some cases, much earlier epochs -and as this study indicates, the timescale itself depends on the orientation of the binary orbital plane. Assuming a constant hardening rate, and the time-averaged analytic expressions for semi-major axis and eccentricity evolution via gravitational wave emission from Peters and Matthews (1964), we estimated the binary evolution after the formal end of our N-body simulation. We note that this assumes the last part of the few-body scattering phase has no impact on the binary eccentricity, which is a safe assumption in the non-rotating case, but not true for rotation. Nonetheless, this paints a rough picture of the evolution unresolved by our runs.
SUMMARY AND DISCUSSION
In the hierarchical galaxy formation framework, SMBH pairs are expected to form with a wide range of mass ratios (q ∼ 0.001 − 1) in merger remnants (Dunn et al. 2018; Bellovary et al. 2019; Holley-Bockelmann et al. 2010) . For mass ratios q ≤ 0.1, the SMBH in the secondary galaxy is expected to be stripped of its surrounding stellar cusp and may wander at kiloparsec separations from the center of the primary galaxy (Callegari et al. 2011; Tremmel et al. 2018) , because the resulting dynamical friction timescales are thought to be long to form a bound system (Dosopoulou & Antonini 2017) . In this study, we attempt to model the stellar dynamical evolution of relatively large mass ratio SMBH pairs with q = 0.05 − 1. We placed a secondary SMBH at a separation of about 10 times the black hole influence radius in both rotating and non-rotating flattened galactic nuclei models and mapped the orbital decay during the dynamical friction and few-body scattering phase.
• Dynamical friction depends on the kinematics of the stellar background. Prograde secondaries tend to decay faster and those in retrograde sink slower when versus those in non-rotating models. These discrepancies become even more evident for smaller mass ratios. This suggests that prograde infalling SMBHs pair and form a binary at lower mass ratios than those in non-rotating and retrograde orientations.
• Orbits tend to circularise at binary formation time. They have low eccentricities in the rotation-free models. However, for q < 0.1, eccentricity begins to rise in hard binary regime, in line with Iwasawa et al. (2011) . Here we add that this mechanism of eccentricity growth seems to work best for smaller mass ratios (q < 0.1) as was also found in Khan et al. (2015) . For q > 0.1 SMBH binaries, this mechanism does not increase eccentricities efficiently.
• Prograde secondaries form binaries with low eccentricities (e ∼ 0.1) and retain these low values in the hard binary regime through the end of our simulations.
• Counter-rotation boosts eccentricities and binaries form with e ∼ 0.8. For larger mass ratios, eccentricity grows further (e ∼ 0.9 − 0.99), whereas for smaller mass ratios it drops down to intermediate values before exhibiting a slow and steady growth in the hard binary regime.
• In retrograde models, the secondary SMBH's orbital plane flips roughly around binary formation time, sometimes just before and sometime just after a binary forms according to our definition. We find that in most retrograde models in which the binary forms after the orbit flips, we end up with intermediate values of eccentricities due to moderate circularization in the loose binary phase. On the other hand, for cases in which the binary forms before the orbit flip, we reach and retain high eccentricities, as is expected in previous studies (Sesana et al. 2011a; Mirza et al. 2017) . Subsequent forced flips do not cause a notable decrease in eccentricity as the stellar cusp surrounding the binary is already eroded.
• In a perfectly rotating galactic nuclei, all retrograde binaries flip their angular momentum to prograde before they reach a hard binary regime. However, how the degree of rotation impacts this conclusion for different mass ratios needs further investigation, which we are currently pursuing.
• The SMBH binary hardening rates s in the few-body scattering regime are very similar for both co and initially counter-rotating models, as the latter also flips to co-rotation around the few-body scattering phase. s in these models are roughly (20-30) percent higher than their non-rotating counterparts. These higher hardening rates may be attributed to large span of the binary's center of mass, enabling the binary to draw interactions from a larger phase space reservoir.
• In rotating galaxy models, the center of mass of the SMBH binary begins a small co-rotating orbit which, incredibly, expands swiftly to a large size while the separation between the black holes themselves shrink to a hard binary phase. We suspect that stellar scattering during the loose binary phase erodes the stellar density cusp and hence the underlying potential, which in turn causes SMBH binary center of mass to drift out. The center of mass orbit then stabilizes during the hard binary phase, with a spatial extent for q = 0.25 − 1.0 that is of the order of the binary's influence radius. We predict that SMBH binaries may be offset by a few parsecs to a few tens of parsecs from the centers of their host galaxies, and in motion, in highly rotating nuclei.
In this study, we investigated aspects of SMBH binary evolution in rotating host galactic nuclei. However, this study considered a perfectly flattened galaxy with a single bulk rotation speed and a single density profile. In a series of follow-up studies, we are exploring SMBH binary dynamics in a broad sample of ever more realistic background models. Our ultimate goal is to provide a formalism to estimate the SMBH decay time and eccentricity as a function of galaxy structure, kinematics, morphology, and SMBH orbital parameters.
